Infrared Astronomical Satellite (IRAS) observations in 1983 revealed the existence of several solar system dust bands. These dust bands are believed to be debris produced by recent disruption events among main belt asteroids, particularly because dust particles have short dynamical and collisional lifetimes. Using young asteroid families as tracers of recent disruptions in the main belt, we linked the most prominent IRAS dust bands with their sources. We propose that the source regions of the dust bands with inclination 9.35
-3 -dust produced by an asteroid breakup declines with time (Sykes & Greenberg 1986 ).
This scenario is supported by the following observational evidence:
(i) The large observable fragments of the disrupted body are expected to group at similar orbital locations. To identify these groups, researchers (first done by Hirayama 1918) look for clusters of asteroid positions in the space of so-called proper orbital elements: the proper semimajor axis (a P ), proper eccentricity (e P ) and proper inclination (i P ). The orbital elements describe the size, shape, and tilt of orbits. Proper orbital elements, being more constant over time than instantaneous orbital elements (cf. Milani & Knežević 1994) , provide a dynamical criterion of whether or not a group of bodies has a common ancestor. Using these methods, ejecta from a few tens of major collisions (that is, asteroid families) have been found in the main belt region (cf. Zappalà et al. 1994; .
(ii) Several solar system dust bands were discovered by the Infrared Astronomical Satellite (IRAS) as residual features on the broad background infrared-emission structure (called the zodiacal cloud) (Low et al. 1984 , Sykes 1988 .
1 These emission features are located at a few roughly constant ecliptic latitudes, while they are spread nearly uniformly over all ecliptic longitudes. Several lines of evidence suggest that the IRAS dust bands were produced via asteroidal collisions (Dermott et al. 1984 , Sykes & Greenberg 1986 . Moreover, dust from other potential sources, such as comets or the interstellar medium, has a distinctive spatial distribution that is not consistent with the IRAS dust bands (Low et al. 1984 ).
(iii) Spectroscopic and mineralogic studies suggest that IDPs, which are collected by airborne impaction collectors in the Earth's stratosphere, may be partly asteroidal in origin (e.g., Keller et al. 1993 , Klöck & Stadermann 1994 . Roughly one third of these IDPs may be sampling material from the IRAS dust bands (Dermott et al. 2002) .
The relationship between observed asteroid families and the IRAS dust bands has been a matter of much debate. On the one side, Dermott et al. (1984) proposed that the dust bands consist of material produced by on-going collisional grinding of bodies within prominent asteroid families. This scenario is referred to in the literature as the equilibrium model. In this model, a large asteroid family with a (mean) proper inclination value, i P , produces a population of dust with infrared emission that is peaked at latitudes ∼ i P . In particular, -4 -the Eos family was believed to produce the dust band observed at ∼ 10
• latitudes, while the Koronis and Themis families were believed to produce the central dust bands observed at low latitudes (Dermott et al. 1984 , Sykes 1988 . On the other side, Sykes & Greenberg (1986) suggested that the IRAS dust bands were produced by stochastic breakups of ∼10-kmdiameter asteroids that occurred in the main belt region within the last several million years. This scenario is referred to in the literature as the non-equilibrium model. It is independent of an association of the dust bands with large asteroid families (Sykes & Greenberg 1986) .
A problem with the equilibrium scenario is that the mean proper inclination of the large Eos family (i P ∼ 10.08
• ) is significantly greater than the proper inclination of the so-called outer band (i P = 9.35
• , Grogan et al. 2001 ; we summarize the properties of the dust bands in Sec. 2). Thus, the dust band is not tracing the orbital element distribution of the Eos family as a whole, as would be expected from the equilibrium model, nor it is consistent with most potential source bodies in the Eos family. These results have challenged the equilibrium scenario for the dust bands' origin.
Recent work by Nesvorný et al. (2002a) produced supporting evidence for the nonequilibrium model of the IRAS dust bands's origins. According to this model, the IRAS dust bands were produced by recent disruption events among multi-km bodies in the main asteroid belt (Sykes & Greenberg 1986 , Sykes 1988 . These events should have left behind distinct fingerprints in the form of compact asteroid families. Indeed, Nesvorný et al. (2002a) discovered a compact asteroid family inside the Koronis family (the Karin cluster) that formed only 5.8 ± 0.2 My ago by the collisional disruption of a ∼25-km-diameter parent body. Both the Karin cluster and the model-derived source of one component of the nearecliptic dust bands were found to have mean inclinations i P ≈ 2.1
• . In addition, the narrow inclination span of the 2.1
• dust band component (σ i P ≈ 0.04 Grogan et al. 2001 ) is consistent with the inclination distribution of the Karin cluster (σ i P ≈ 0.03
Motivated by this result, we attempted to identify the sources of all major IRAS dust bands by systematically searching for compact asteroid families in the main belt region. In section 2, we summarize observed properties of the dust bands that help us constrain their source regions. In section 3, we identify recent asteroid breakups that best fit these constraints. Implications of the proposed origin of the solar system dust bands are discussed in section 4.
-5 -
Basic properties of the solar system dust bands
Asteroid dust bands were first detected by the Infrared Astronomical Satellite (Low et al. 1984) , and were later observed by the Cosmic Background Explorer satellite (COBE; Spiesman et al. 1995) , and by a ground-based telescope (Ishiguro et al. 1999) . Synthetic models of the dust bands were developed to fit the observations (Dermott et al. 1984 , Sykes 1990 , Reach 1992 , Reach et al. 1997 ). Here we use results of the most recent model by Grogan et al. (2001) . This model adjusts the dust bands' parameters to match IRAS observations in the 12-, 25-, and 60-µm wavelengths. Grogan et al. (2001) calculate that the mean proper inclination of the source of the so-called outer dust band (or γ-band) is 9.35
• and that the two near-ecliptic bands have sources located at mean proper inclinations of 1.43
• and 2.11
• (α and β bands, respectively; Sykes 1988) . These values constrain the location of the source regions in the main belt. Grogan et al. (2001) estimate that the cross-sectional area of material required to account for the outer dust band's infrared emission is ≈ 4 × 10 9 km 2 , about 5.7 times more than the combined cross-sectional areas of the dust in the near-ecliptic bands. This factor reflects a comparatively larger amount of dust in the outer dust band. The model-derived cross-sectional areas of the dust bands' material can be used to constrain the size of the disrupted parent asteroids. In total, 25% of the zodiacal cloud may be associated with the outer dust band and 5% with the near-ecliptic bands (Dermott et al. 2002) .
Several fainter dust bands also exist. Sykes (1988) identified two possible band pairs at inclinations between the β and γ bands (E/F, G/H) and two possible band pairs at inclinations higher than that of the γ band (J/K, M/N). These, except for E/F, were confirmed by COBE observations (Reach et al. 1997) . Among these weak signals, probably the most readily detectable are the J/K dust band located at i P ≈ 12
• and the M/N dust band located at i P ≈ 15
• (Sykes 1990 , Reach et al. 1997 . Several researchers investigated the link of the J/K and M/N dust bands to the Eunomia/Io (the Io family identified by Williams (1992) is now considered part of the Eunomia family) and Maria families in the central main belt (∼2.5-2.7 AU), respectively, but found problems with these associations (Sykes 1990 , Reach et al. 1997 -6 -disruption of diameter D > 100 km bodies are not very numerous; less then 20 have been reliably established (Zappalà et al. 1994) . Most are thought to be hundreds of millions to billions of years old (cf. Marzari et al. 1995) . These numbers and ages appear to be consistent with results from hydrocode modeling of asteroid collisions (cf. Benz & Asphaug 1999), which indicate that catastrophic disruption events among D > 100 km bodies in the present-day main belt should be rare.
This picture has recently been augmented by detailed dynamical analysis and numerical simulations. It is now understood that families are subject to slow spreading and dispersal via numerous tiny resonances in the main belt (Nesvorný et al. 2002b) . Moreover, D < 20 km asteroids are moved inward towards the Sun and outward away from the Sun over comparatively long timescales by the Yarkovsky effect; this mechanism provides another means for dispersing families (Bottke et al. 2001 , Vokrouhlický et al. 2003 . Therefore, an older family's orbital parameters in (a P , e P , i P ) space do not reflect the immediate outcomes of cratering events or catastrophic disruptions. Instead, they reveal how it has been "etched" in (a P , e P , i P ) space over long timescales by dynamical diffusion and chaotic resonances. On the other hand, tight clusters in (a P , e P , i P ) space should represent young families that have not yet had an opportunity to disperse via dynamical mechanisms.
It has been argued (Sykes & Greenberg 1986 ) that recent disruptions of small asteroids may have produced much of the asteroidal material that currently contributes to the zodiacal dust cloud. Indeed, Durda & Dermott (1997) showed that individual disruptions of D 10 km asteroids produce "spikes" that temporarily dominate the overall dust production in the main belt. These spikes typically only have a duration of a few million years. On longer timescales, the spikes fade back to the background as dust grains evolve out the main belt via the Poynting-Robertson effect (cf. Burns et al. 1979) or are ejected from the Solar System by radiation pressure (Zook & Berg 1975) . Accordingly, we believe that best candidates for the source regions of the IRAS dust bands are compact (young) asteroid families that have proper inclinations compatible with the model-derived proper inclinations of the dust bands' sources. For this reason, we systematically searched for such asteroid families in the main belt using modern databases of asteroid proper orbital elements. Figure 1 shows the proper semimajor axis and proper inclination of ≈100,000 main belt asteroids (Milani & Knežević 1994 , Knežević et al. 2002a -7 -mark locations of several relevant asteroid families. We present our interpretations below.
2.11-degree dust band
The 2.11-degree dust band nicely correlates with the inclination location of the Koronis family -one of the original, large families identified by Hirayama early in the 20th century (Fig. 1) . We believe, however, that the 2.11-degree dust band is not related to the entire Koronis family. The Koronis family is apparently very old (∼ 2 Gy; Bottke et al. 2001 ; note its large semimajor axis dispersion cut by the chaotic 5:2 and 7:3 mean motion resonances with Jupiter), such that the original dust produced by the breakup of the parent body must have been removed by radiation forces within 10 7 years after the breakup. Although collisions and dust production never never stop inside a family, the dust produced by the break-up event escapes faster than it can be replenished by collisions. The net effect is that the surface area of the dust steadily declines with time after the initial "spike". Hence, after ∼ 2 Gy of evolution, the total surface area of the Koronis family has dropped by orders of magnitude (Sykes & Greenberg 1986 .
Recent work has determined a more likely source for the 2.11-degree dust band (Nesvorný et al. 2002a) , namely the breakup of a moderate-sized (D ∼ 25 km) Koronis family member only 5.8 ± 0.2 million years ago (less than 0.2% the age of the solar system, comparatively "yesterday" in cosmic terms). Because the largest member of this cluster is (832) Karin, this cluster has been named the Karin cluster. Estimates from collision models suggest that main belt asteroids 25 km or so in diameter are expected to be disrupted once every few My (Durda & Dermott 1997) . Hence, the Karin cluster breakup is not wholly unexpected. In fact, what we see is probably a remnant of the most recent collisional breakup of a 25 km asteroid that occurred in the main belt region. Note that the Karin cluster (a P = 2.866 AU, e P = 0.0445, i P = 2.11
• ) is hidden in Fig. 1 in a densely populated region of the Koronis family (see Nesvorný et al. 2002a, their Fig. 1 , for a zoom in on the Karin cluster).
An interesting aspect of this discovery is the link between the Karin cluster and the 2.11-degree dust band. The orbital parameters of the cluster matches all basic constraints imposed by observations: it has a 2.1
• mean proper inclination and 0.03 • inclination dispersion. The Karin cluster's parent asteroid was also large enough to account for the observed crosssectional area of the 2.11-degree dust band . Based on these arguments, we believe it is likely that the 2.11-degree dust band is a by-product of the Karin cluster formation event.
9.35-degree dust band
We have investigated the origin of the 9.35-degree dust band. As Fig. 1 indicates, the inclinations of the observed Eos family members (9.5
• -11 • ) are too large to be the source of this dust band. A better fit comes from the more distant Veritas family, which has many observed members with inclinations near 9.35
• . Interestingly, the Veritas family is among the most compact in (a P , e P , i P ) space of the prominent asteroid families. By modeling the dynamical evolution of bodies in the Veritas family and comparing those results to observations of Veritas family members, some which reside in powerful nearly resonances, proposed that the Veritas family must be 50 My old. In particular, they found that the largest asteroid in the family, 490 Veritas, would have drifted far away from the rest of the family if it were much older than 50 My old. Note that 490 Veritas only has <3% chance of being an interloper. Recently, more refined modeling of the effects of orbital chaos on the structure of the Veritas family has suggested this family must be even younger ( 27 My old; Knežević et al. 2002b ). Milani & Knežević 1994 , Knežević et al. 2002a ) using a cutoff d cutoff = 40 m/s. The orbital structure of the Veritas family is characterized by a tight concentration of family members around asteroid (1086) Nata. This sub-group can be identified with HCM using d cutoff = 10 m/s (the same cutoff was used by Nesvorný et al. (2002a) to identify the Karin cluster). The large semimajor axis end of the Veritas family, including (490) Veritas itself, appears to be more loosely connected with the rest of the family. This segregation may be the result of the chaotic 5 -2 -2 three body resonance 4 (Nesvorný & Morbidelli 1998 ) that causes objects to 3 The Hierarchical Clustering Method (HCM) starts with an individual asteroid position in the proper elements space and identifies bodies in its neighborhood with mutual distances less than a threshold limit (so-called cutoff, d cutoff ). We define the distance in the (a P , e P , i P ) space by
where na P is the heliocentric velocity of an asteroid on a circular orbit having the semimajor axis a P . δa P = |a
P |, and δ sin i P = | sin i
P |. The indices (1) and (2) denote the two bodies in consideration. C a , C e , and C i are constants. We use C a = 5/4, C e = 2, and C i = 2 (Zappalà et al. 1994) . Other choices of these constants found in the literature yield similar results.
-9 -quickly evolve in proper eccentricity and inclination at 3.172-3.176 AU. Similarly, the 7 -5 -2 three-body resonance may have dispersed family members at 3.166-3.169 AU. In order to highlight this resonant structure, we computed the Lyapunov times 5 (T Lyap , cf. Benettin et al. 1976 ) of all family members. The colored points shown in Fig. 2 denote the range of Lyapunov times we obtained: T Lyap < 10, 000 yr (red), 10, 000 < T Lyap < 100, 000 yr (green), and T Lyap > 100, 000 yr (blue). The Lyapunov times are nicely correlated with the background resonant structure. Most orbits with T Lyap < 100, 000 yr, i.e., those characterized by rather strong chaotic behavior, are the resonant ones.
To determine the age of the Veritas family, we adopted the method of Nesvorný et al. (2002a) . Immediately after the disruption, the cluster fragments all circled the Sun, as a group, in nearly identical orbits (differing only by small a, e, i values due to their modest ejection velocities). But within ∼1,000 years, the objects drifted away from one another along their orbits (i.e., their true anomalies spread). Over longer timescales, planetary perturbations forced their orbital orientations (specified by the longitude of the ascending node and argument of perihelion) to drift away from each other, eventually spreading out uniformly around 360
• . Thus, after a few million years, the once-clustered asteroids were spread into a dispersed toroid around the Sun. By numerically integrating the orbits of the Veritas family back in time until the orbital elements are clustered, we hope to find a conjunction of orbital elements which should only occur in the immediate aftermath of the parent body disruption. This technique was successfully used in Nesvorný et al. (2002a) to determine the age of the Karin cluster (5.8 ± 0.2 My).
The Veritas family, however, is not quite as clear-cut a case as the Karin cluster. While the Karin cluster was formed in a zone with few strong resonances, several powerful resonances exist in the 3.15-3.18 AU region. Hence, with the Veritas family overlapping these chaotic zones, only a fraction of the Veritas family members can be accurately integrated back in time. Moreover, Veritas family members are located close enough to the 2:1 mean motion resonance with Jupiter to undergo fast differential evolution of their arguments of perihelia. This induced variability in their evolution histories complicates any attempt to determine the age of the Veritas family from perihelion longitudes (such as was done for the Karin cluster; see Fig. 2b of Nesvorný et al. 2002a ).
body resonance is defined as 5n J − 2n S − 2n = 0, where n J , n S , and n are the mean orbital frequencies of Jupiter, Saturn, and the asteroid, respectively.
-10 -Instead, we have analyzed the past evolution of nodal longitudes of Veritas family members (equivalent to Fig. 2a of Nesvorný et al. 2002a ) over a period of 50 My, omitting those objects that are evolving chaotically (i.e., that have short Lyapunov times). As shown in Fig. 3 , there is a conspicuous convergence of orbits ∼8.3 My ago, suggesting that the Veritas family was formed at that time. We estimate that the probability, over the age of the solar system, of so many asteroid orbits converging as tightly as they do in the Veritas family is < 10 −5 . Hence, we believe that it indeed represents another recent collisional disruption that occurred just a few million years before the Karin cluster formed.
We find this outcome to be something of a surprise because collisional disruption events among asteroids as large as D ∼ 140 km (the scale of the Veritas precursor body, Table  1 ) are thought to be infrequent. Still, given the Veritas family age constraints provided by and Knežević et al. (2002b) , we believe this scenario is probably correct. On the other hand, it is also plausible that the conjunction of orbits was produced by a breakup of a smaller family member within the Veritas family. If true, this sub-cluster, formed only ∼8.3 My ago, would have produced (1086) Nata and the other Veritas family members that contribute to the conjunction shown in Fig. 3 .
We believe that this collisional disruption event also produced the outer dust band. The mean proper inclination of the Veritas family (i P = 9.3
• ) nearly equals the model-derived source inclination of the outer band (i P = 9.35
• ). Moreover, the semimajor axis of the Veritas family (3.17 AU) is within the range of parallactic distances 3.2 ± 0.3 AU computed for the outer band by Reach et al. (1997) . The large size of a parent body that disrupted 8.3 My ago also explains why the computed cross-sectional area of the outer dust belt is substantially larger than those of the central dust bands.
1.43-degree dust band
The provenance of the 1.43-degree dust band is less clear. We have extensively searched for young collisional remnants with i P ∼ 1.43
• , but find none. Ironically, two broadly diffused families are located at these inclinations: the Themis family, generally thought to be the source region of the 1.43-degree dust band, and the Massalia family in the inner main belt. The mean proper inclinations of these families are 1.40
• and 1.43
• , respectively. The Themis family formed by a catastrophic disruption of an ≈369-km diameter parent body (Tanga et al. 1999) . Assuming that Themis family members have been significantly spread in semimajor axis via the Yarkovsky effect (cf. Bottke et al. 2001) , we estimate this family was created 2.0 ± 0.5 Gy ago (Fig. 4a) . This estimate assumes that the ejection velocities of family members were comparable to values produced by recent computer models (cf. Michel The Massalia family contains one large body ((20) Massalia, ≈145-km diameter) and a large number of 1 to 4-km-diameter members. Because the small family members represent only ≈10% of the parent body's mass (Tanga et al. 1999) , this family probably formed via a sub-catastrophic collision. Given the limited semimajor axis spread of Massalia family members, we believe the Massalia family is significantly younger than the Themis family (i.e., according to our estimates, the Massalia family is 300 ± 100 My old, Fig. 4b ).
It is unclear which of these two families is a better candidate for the source of the 1.43
• dust band. Our preferred scenario is that there was a recent disruption event within one of the two families. The Themis and Massalia families contain more known asteroids with i P ∼ 1.43
• than the rest of the main belt combined, making it likely that a recent disruption event could have occurred within one of them. Both these families have high proper eccentricities (0.15 and 0.16, respectively), which place them into locations where mean motion resonances cause fast chaotic evolutions of orbits (cf. Nesvorný et al. 2002c) . If some family member recently disrupted at such a location (an event similar to the formation of the Karin cluster in the Koronis family), the initially compact cluster of fragments produced by this disruption would rapidly disperse, leaving it unrecognizable by our algorithms after 10 My. This scenario would explain why we have been unable to find a recent source of this dust band. In fact, although we find about ten unrelated very compact families in the central part of the belt (some of them are visible in Fig. 1 ), we find none in the inner main belt (a P < 2.5 AU)
6 nor, with the exception of the Veritas family and (1400) Tirela (see next section), in the outer part of main belt (a P > 2.95 AU). This may reflect different degrees of dynamical erosion in the inner and outer parts of the main belt, where small collisional families rapidly disperse (cf. Nesvorný et al. 2002b ).
7
For these reasons, the origin of the 1.43-degree dust band is less clear. Interestingly, the Themis family, located at the same inclination, is the remnant of one of the largest catastrophic disruption events (that we have evidence for) in the asteroid belt. The amount of dust generated by the comminution of Themis's early fragments must have been staggering, such that it is plausible that, even after ∼2 Gy, there may still be enough collisional activity 6 Except the Massalia family region. Part of the Massalia family around (4579) Puccini (a P ∼ 2.38 AU) clusters at d cutoff = 30 m/s. Unfortunately, orbital chaos due to the mean motion resonances with Mars (Morbidelli & Nesvorný 1999 ) prevents age determination for this cluster.
7 On the other hand, it may also reflect the fact that collisional lifetimes are shorter by a factor of several in the central main belt; lifetimes against catastrophic disruption in the inner and outer main belt are generally longer because asteroids in those zones cross a smaller portion of the main belt population (Bottke et al. 1994) . This is an unedited preprint of an article accepted for publication in Astrophysical Journal. The final published article may differ from this preprint. Copyright 2003 by The American Astronomical Society. Please cite as 'ApJ preprint doi:10.1086/374807'.
-12 -taking place to create a detectable dust band (Sykes & Greenberg 1986 ).
Other dust bands & clusters
To identify the possible source regions of the E/F, G/H, J/K, and M/N dust bands (Sykes 1990 , Reach et al. 1997 , we searched the main belt for additional compact (i.e., possibly young) asteroid families. Once again, we applied the Hierarchical Clustering Method (Zappalà et al. 1994 ) with cutoffs d cutoff = 20-50 m/s to a recent database of ≈100,000 proper elements found at the AstDys node (Milani & Knežević 1994; Knežević et al. 2002a ). To find an appropriate d cutoff for each cluster, we developed an interactive visualization program that allowed us to 'browse' asteroid proper element space. Using this program, we inspected the 3D structure of each cluster and chose the d cutoff value that provided the best visible match.
In all, we identified twenty-eight tightly clustered asteroid families in the main belt region, most of which were previously unknown. Of this set, the Karin cluster, the Veritas family, and other nine groups were compact enough to make us believe they were probably generated by collisions within the last ∼100 Myr. In this section, we will concentrate on analyzing these groups. The remaining 17 structures 8 bear the marks of dynamical erosion over longer timescales (probably 100 Myr). Because they are less probable dust band sources, we will not discuss them further in this paper. Table 1 shows properties of the nine new compact clusters. Columns are: lowestnumbered cluster member, cutoff distance used (d cutoff ), number of members at this d cutoff , average proper elements, parent body diameter (D PB ), largest remnant's mass to parent body's mass ratio (M LR /M PB ), taxonomic type (Bus & Binzel 2002) , and estimated age of the cluster. To convert magnitudes H to diameters, we used the albedo of the largest cluster members, if known, or 12% albedo otherwise (Bowell et al. 1989) . D PB is the diameter of a spherical body with volume equal to the total volume of all known cluster members.
To determine the age of a cluster, we numerically integrated the member asteroids' orbits backward in time to check whether any nodal or apsidal alignments occur (Nesvorný et al. 2002a, our Fig. 3 ). This method has, however, fundamental limitations. It is impossible to correctly reproduce the past evolution of Ω and ω for those cluster members that have strongly chaotic orbits. For example, members of the cluster around (1400) Tirela have orbits that have been strongly affected by chaotic mean motion resonances with Jupiter (Nesvorný & Morbidelli 1998 ). Consequently, we were unable to determine this cluster's age by a backward integration.
For one cluster, however, we were able to set an upper limit on its age despite the strongly chaotic evolution of its members. The members of the (4652) Iannini cluster currently have a significantly non-uniform distribution of Ω and ω. In fact, all eighteen members of this cluster currently have Ω ∈ (245
• , 75 • ) and ω ∈ (285 • , 157 • ); i.e., Ω and ω are distributed within only 53% and 64% of the full 360
• interval, respectively. Our backward integration shows that this concentrated distribution of nodes and apses only persists for a few My (Fig.  5 ). For t −5 × 10 6 yr, nodes and apses become random. Moreover, the currently observed concentration of Ω and ω never repeats over the age of the Solar System. Based on this information, we estimate that the (4652) Iannini cluster was created by a disruptive collision over the last 5 My.
(3815) Konig is another chaotic cluster that displays a peculiar concentration of secular angles; 27 of its 33 members have Ω values that are strongly concentrated around 0
• . In this case, however, the concentration is not a signature of the young age of the cluster but was instead generated by the secular resonance s − s 6 − g 5 + g 6 = 0 (Milani and Knežević 1994) .
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Although the Konig cluster's compact orbital structure in the (a P , e P , i P ) space could still be a by-product of its recent origin, we are currently unable to determine its exact age.
Yarkovsky thermal drag forces (e.g., Bottke et al. 2002 ) also complicates our method of determining cluster ages. The Yarkovsky effect causes objects to drift in semimajor axis, with a direction and magnitude that strongly depends on the body's obliquity (the angle between the body's spin axis and the normal to the orbital plane). For = 0 (prograde rotation) the body evolves to larger a P values, while for = 180
• , the body evolves to smaller a P values. These changes in a P may eventually spread some clusters enough that they become indistinguishable from the background. Thus, Yarkovsky spreading timescales place limits on the detectability of the cluster. Over shorter timespans, Yarkovsky drift modifies the precession rates of the secular angles in a manner that cannot be predicted unless we first know . Because is unknown for most asteroids, we cannot compute the cluster's age unless it is younger than the timescale over which secular angles are significantly affected by Yarkovsky drift. We call this limit the age-computability threshold.
Because the Yarkovsky effect is a size-dependent force, both the cluster-detectability 9 Here, s is the mean rate of the nodal precession of an asteroid, and s 6 = −26.34 arcsec/yr, g 5 = 4.26 arcsec/yr, and g 6 = 28.25 arcsec/yr are the secular frequencies of the planetary system (e.g., Laskar 1988) . This is an unedited preprint of an article accepted for publication in Astrophysical Journal. The final published article may differ from this preprint. Copyright 2003 by The American Astronomical Society. Please cite as 'ApJ preprint doi:10.1086/374807'.
-14 -and age-computability limits depend on the size of member asteroids of any given cluster. Figure 6 shows both limits as a function of this size. We define the age-computability limit (τ AC ) as the time horizon at which the majority of cluster members drift far enough in a P to induce changes that spread Ω over ±π/2 around a non-drifting orbit. Note that dω/dt in the main belt region is more sensitive to changes in a P than dΩ/dt, such that members' apses are expected to randomize over a shorter interval than τ AC . Still, age determination is possible within τ AC if one concentrates on the past evolution of the nodes.
We calculate τ AC from:
where da P /dt Y is the average rate of drift induced by the Yarkovsky effect, and
This last equation describes how the rate of nodal precession s induced by Jupiter changes with a P (e.g., Sykes & Greenberg 1986) . G, M J and M S are the gravitational constant, mass of the Jupiter, and mass of the Sun, respectively, and a J ∼ 5.2 AU is the average distance of Jupiter from the Sun. We calculate da P /dt Y from the linear theory of the Yarkovsky effect for spherical bodies covered by regolith (Vokrouhlický 1999) . Figure 6 shows τ AC as a function of the cluster members' sizes.
We define the cluster-detectability limit (τ CD ) as the time interval over which the majority of cluster members move ∆a P via the Yarkovsky effect:
where ∆a P is some multiple of the cluster's original size in a P (i.e., the spread produced by the fragments' ejection velocities). Because all of our identified clusters with D PB 50 km are spread over 0.03 AU (Fig. 1) , we believe that ∆a P 0.03 AU is an appropriate choice. Figure 6 shows τ CD for ∆a P = 0.01 and 0.03 AU. We point out that τ CD does not account for other effects that may erase asteroid families such as chaos (Nesvorný et al. 2002b) or the collisional grinding of family members down to small, unobservable sizes (Marzari et al. 1999) . Figure 6 shows that recent breakups such as those that produced the Karin cluster and the Veritas family should be detectable even after τ CD ∼ 5 × 10 8 years (unless they get erased earlier by chaotic dispersal or collisions). Their age, however, can only be computed provided they are younger than τ AC ∼ 2 × 10 7 years. This explains why we were unable to calculate ages for most clusters shown in Table 1 by a backward integration over ∼ τ AC . These clusters must be older than τ AC but younger than τ CD .
The clusters around (1521) Seinajoki and (1400) Tirela have large i P values (∼ 15
• and ∼ 17
• , respectively) and are spread enough in a P that the differential nodal (and apsidal) precession of their members is fast. It is difficult to determine the age of these clusters by backward integration because individual paths of Ω and ω densely fill the 360
• interval. For this reason, we cannot exclude the possibility that (1521) Seinajoki and (1400) Tirela are younger than τ AC .
For most of the remaining clusters with slow differential precession rates, we detected no alignment of secular angles within τ AC (last column in Table 1 ). For this reason, we were able to set a minimum age threshold by integrating their members' orbits backward in time.
M/N dust band
Based on the inclination fit in Fig. 1 , we tentatively associate the M/N dust band (Sykes 1990 ) with the cluster of asteroids located around (1521) Seinajoki. This cluster was previously known as a marginally significant asteroid grouping found around (293) Brasilia (≈110-km in diameter). Using the new catalog of the proper elements described above, we find that (293) Brasilia is located on the periphery of the newly-determined cluster (i.e., the HCM cluster shows it is separated from the rest of the family members by d cutoff ∼ 60 m/s). The family currently contains ≈80 members at the 40 m/s level with absolute magnitudes 11 < H < 16. Although this family's compact structure in proper element space suggests it is young, we were unable to determine its age for the reasons discussed above.
The M/N dust band was previously associated with the Maria family, whose members cluster near ∼ 15
• inclination (Reach et al. 1997) . From Fig. 1 , it appears that parts of the Maria family are as dense as the (1521) Seinajoki cluster in (a P , e P , i P ). This ignores the fact, however, that the Maria family is spread over 0.08 in e P while the (1521) Seinajoki cluster is only spread over 0.006 in e P . Hence, the Maria family only looks dense in Fig. 1 , where 3D space is projected into the (a P , i P ) plane. In reality, there are no compact structures within its boundaries even at d cutoff ∼ 50 m/s levels.
J/K dust band
The J/K dust band was previously associated with the Eunomia family (Sykes 1990 , Reach et al. 1997 , which is a widely dispersed and probably billions of years old structure in the central main belt (a P ∼ 2.6 AU). Reach et al. (1997) , however, found a substantially lower inclination for the source region of this dust band (i P = 12.11
• ) than the mean inclination of the Eunomia family (i P = 13.1
• ). This situation is reminiscent of the inclination offset found between the γ dust band and the Eos family (see section 3.2).
There are two candidates for the J/K dust band source region among the compact asteroid clusters: (4652) Iannini and (845) Naema (i P = 12.17
• and i P = 11.96
• , respectively). For the cluster around (4652) Iannini, we estimate its age to be 5 My, while the cratering event (M LR /M PB ∼ 0.72; Table 1 ) that formed the (845) Naema cluster occurred > 20 My ago. We thus believe that the more recent breakup of the (4652) Iannini cluster's parent body (D PB ∼ 14 km) is the best candidate for being the ultimate source of the J/K dust band. This cluster is difficult to see in Fig. 1 , because its eighteen members are projected on the main belt background. It is nevertheless statistically significant and readily detectable by both the HCM and our 3D visualization browser.
E/F & G/H dust bands
Neither Nysa/Polana nor Flora, the prominent prominent asteroid families in the inner main belt (Zappalà et al. 1994) , can be linked to the E/F & G/H dust bands, which are the two pairs of dust bands located at latitudes between the β and γ dust bands (Sykes 1990) . We also find no other known large asteroid families at the corresponding inclinations (between ∼3
• and ∼9 • ). Reach et al. (1997) found that the parent families of these bands should have a relatively sharp proper inclination distribution. We found three tightly-grouped asteroid clusters at the corresponding inclinations: (396) Aeolia, (1726) Hoffmeister, and (3815) Konig (Table 1) . None of these clusters, however, seems to be younger than 20 My.
Discussion
We have argued in this paper that the IRAS dust bands are by-products of recent collisions among main belt asteroids. In particular, we proposed that the brightest "outer" (or γ) dust band was produced by the formation of the Veritas family. Our results suggest this event occurred 8.3 ± 0.5 My ago. Our scenario matches all basic constraints imposed by observations and modeling work performed on the outer dust band. Similarly, we find it -17 -likely that the formation of the Karin cluster 5.8 ± 0.2 My ago led to the formation of the 2.1-degree (or β) dust band.
Physical studies of the interplanetary dust particles accreted by the Earth, and spectral observations of the Veritas family, may be consistent with our suggested links: Martino et al. (1997) noted spectral differences in the Veritas family spanning taxonomic types from C to D type. Based on these results, Di Martino et al. suggested that the parent body of the Veritas family was a differentiated object. (1086) Nata, (1985) TQ1, and (2934) Aristophanes, all located in the tight cluster at a P < 3.1665 AU in Fig. 2 , have very flat spectra typical for C-types with a shallow and wide absorption band centered at 7000Å. Di Martino et al. attributed this absorption band to aqueous alteration near the surface of the parent body. According to their interpretation, (490) Veritas, which does not show the same feature, may be the core of the parent body. This spectral diversity among the Veritas family members is unique (other asteroid families are more homogeneous) and may be a signature of its young age.
(ii) On the other hand, Dermott et al. (2002) argued that about 25% of the IDPs collected by airborne impaction collectors flown in the Earth's stratosphere sample material from the outer dust band. Mineralogical and chemical composition overlaps between IDPs and Micrometeorites (MMs, 50 micron particles collected in Antarctic and Greenland). Moreover, MMs (and IDPs) bear similarities to the CI/CM/CR carbonaceous chondrites (Jessberger et al. 2001) . CI/CM chondrites that suffered aqueous alteration are especially similar to C-type asteroids (McSween 1979) .
To our knowledge, the predominantly C-type Veritas family is the best candidate for the origin of (some part of) the CS IDPs. It would be interesting to obtain visible and infrared spectra of a large number of Veritas family members and compare them to the known spectra of the IDPs. If some characteristic spectral features are shared by both samples, it would further support our scenario for the origin of the outer dust band.
Our hypothesis is also testable by measurements of the extraterrestrial 3 He in 10 My old geological layers on the Earth. The flux of 3 He is a proxy for the terrestrial accretion rate of IDPs (Farley et al. 1998 , Mukhopadhyay et al. 2001 . If our hypothesis is correct, we would expect an enhanced abundance of 3 He in ∼8.3 Ma layers (the time when Veritas/Nata family formed). Similarly, a somewhat weaker signature at ∼5.8 Ma could have been produced by the Karin cluster formation.
We were unable to identify a recent disruption event in the main belt region that could be responsible for the 1.4
• dust band. An event within the Themis family, which is the remnant of one of the largest single catastrophic disruption events (for which we have evidence) in the -18 -asteroid belt, remains the best candidate for the 1.4
• dust band source region. The smaller and younger Massalia family in the inner main belt is also located at i P ∼ 1.4
• . We point out that it is challenging to find remnants of recent disruptions in the Themis and Massalia families because tight clusters in (a P , e P , i P ) space at the main-belt locations of these families rapidly disperse by chaotic effects.
We speculate that the (4652) Iannini cluster ( 5 My old, i P ∼12
• ) is the source for the J/K dust band, and that the (1521) Seinajoki cluster (∼15
• inclination) is the ultimate source for the M/N dust band. If recent breakups, rather than old and prominent asteroid families, are responsible for the observed dust bands, these associations can explain why previous models had some difficulty matching the spatial distribution of these weaker dust bands.
Finally, our scenario also explains why many large asteroid families (such as Flora, Nysa/Polana, Vesta, Hygiea, etc.) do not have associated dust bands. Most these families are ancient, such that any dust produced by their formation is long gone today. The total surface area of the dust produced in aftermath of these events via a collisional cascade declined over long timescales, because there are generally not enough collisions among family members to keep their associated dust bands from slowly fading away. Sykes & Greenberg (1986) have shown, however, that the observable signal is most likely reduced by orders of magnitude after billions of years of evolution. It is thus conceivable that most old asteroid families do not contribute in any significant fashion to the main-belt dust population observed today.
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(a) Secular resonance s − s 6 − g 5 + g 6 = 0 (Milani & Knežević 1994) . -23 - Fig. 1 .-Proper semimajor axis and inclination of ≈100,000 main belt asteroids (Milani & Knežević 1994 , Knežević et al. 2002 . Many groups of asteroids with similar proper orbital elements can be readily recognized in the plot. These groups (asteroid families) represent remnants of collisionally disrupted large asteroids. Horizontal lines are drawn at i P = 1.43 • , 2.11 • , 9.35 • , 12
• and 15
• to indicate the model-derived
proper inclination of the observed dust bands (Sykes 1990 , Reach et al. 1997 . Several relevant asteroid families are denoted. For example, the Veritas family is located at a P = 3.17 AU and i P = 9.3
• . The Karin cluster (Nesvorný et al. 2002a ) is hidden within a densely populated region of the Koronis family. We believe that two of the presently observed solar system dust bands (β and γ) were formed as by-products of recent catastrophic breakups that generated the Veritas family and the Karin cluster. The locations of nine new clusters described in our paper are shown as well (circles labeled by numbers, Table  1 ). We speculate that some of these clusters may be the source regions of the weak dust bands detected by IRAS and COBE (such as the J/K and M/N dust bands; Sykes 1990 , Reach et al. 1997 ). proper semimajor axis (top panel), and proper inclination vs. proper semimajor axis (bottom panel). The size of a symbol is proportional to asteroid size. The two largest bodies in the family, (490) Veritas (115-km diameter) and (1086) Nata (60-km diameter), are inicated by arrows. Colors denote Lyapunov times of orbits: T Lyap < 10, 000 yr (red), 10, 000 < T Lyap < 100, 000 yr (green), and T Lyap > 100, 000 yr (blue (Nesvorný et al. 2002a, their Fig. 2a) . This is primarily due to two reasons: (1) Many chaotic resonances exist at 3.15-3.18 AU; thus, despite the present long Lyapunov times of the selected orbits, these orbits might have experienced periods of chaotic motion in the past; (2) The Veritas family is more stretched over a P than the Karin cluster; thus, some orbits have rather fast differential rotations with respect to the orbit of (1086) Nata, and small changes of their dΩ/dt (such as those generated by a semimajor axis drift due to the Yarkovsky effect) produce large effects. We do not show differential rotations of ∆ω because these evolutions are too fast to be useful (dω/dt has a large gradient at 3.15-3.18 AU due to the nearby 2:1 mean motion resonance with Jupiter).
This is an unedited preprint of an article accepted for publication in Astrophysical Journal. The final published article may differ from this preprint. family members (grey dots). The V-shaped lines indicate positions of Yarkovsky-drifting bodies evolved from the center of the families over the indicated time intervals, assuming maximum drift rates inward and outward. The drift rates were computed analytically using linearized approximations of the Yarkovsky effect (Vokrouhlický 1999) . Assuming a tight initial orbital distribution of a newly born family, the family members are expected to be localized within one of the V-shaped contours. In (a), the distribution in a P of the Themis family members with H 12.5 is cut by the chaotic 11:5 and 2:1 mean motion resonances with Jupiter. Using members with H 12.5, we estimate that the Themis family is 2.5 ± 1.0 Gy old. From (b), the Massalia family is 300 ± 100 My old. These estimates are robust over a wide range of the physical parameters compatible with the family's taxonomic type (Themis is C, Massalia is S) and with asteroidal surfaces covered by regolith. The outliers shown in the figure are probably interlopers. This is an unedited preprint of an article accepted for publication in Astrophysical Journal. The final published article may differ from this preprint. -28 - Fig. 6 .-Age-computability (t AC ) and cluster-detectability (t CD ) thresholds as a function of the absolute magnitude of asteroid members in a cluster. The solid and dashed lines correspond to S and C taxonomic types. We find little difference between C-type and S-type objects; C-type objects of a given H are about twice as large (∼5% albedo) as the same-H S-type objects (∼15% albedo), but they are also nearly twice as low in density (e.g., Britt et al. 2002) . Consequently, the thresholds are similar because the Yarkovsky drift rates are similar (Vokrouhlický 1999) . We plot two values of t CD that correspond to smaller (0.01 AU) and larger (0.03 AU) semimajor axis drift rates that lead to cluster erasure. Asterisks mark locations of the clusters with known ages: (490) Veritas, (832) Karin, and (4652) Iannini. Note that these ages are < t AC , as expected. This is an unedited preprint of an article accepted for publication in Astrophysical Journal. The final published article may differ from this preprint. Copyright 2003 by The American Astronomical Society. Please cite as 'ApJ preprint doi:10.1086/374807'.
